The light-induced electron transfer reaction of flavin cofactor photoactivation in Xenopus laevis (6 -4) photolyase has been studied by continuous-wave and time-resolved electron paramagnetic resonance spectroscopy. When the photoactivation is initiated from the fully oxidized form of the flavin, a neutral flavin radical is observed as a long-lived paramagnetic intermediate of two consecutive single-electron reductions under participation of redox-active amino acid residues. By time-resolved electron paramagnetic resonance, a spin-polarized transient radical-pair signal was detected that shows remarkable differences to the signals observed in the related cyclobutane pyrimidine dimer photolyase enzyme. In (6 -4) photolyase, a neutral tyrosine radical has been identified as the final electron donor, on the basis of the characteristic line width, hyperfine splitting pattern, and resonance magnetic field position of the tyrosine resonances of the transient radical pair. U ltraviolet light (Յ300 nm) damages cellular DNA by formation of cyclobutane pyrimidine dimers (CPDs) and (6-4) photoproducts from adjacent pyrimidine bases on the same DNA strand (1). Such dimers may be restored to their monomeric form through the action of two photoactive (300ϽϽ500 nm) damage-specific DNA repair enzymes, named CPD photolyase (also called DNA photolyase) (2-6) and (6-4) photolyase (7, 8) . Both enzymes are found in various organisms and exhibit a 20-30% amino acid sequence identity (3, 9, 10). Two photoactive pigments are used in the DNA repair pathway. One is invariably a redox-active FAD (11, 12) , and the other so-called second chromophore, which acts as a light harvester, is a methenyltetrahydrofolate in most species (11, 13, 14) but 5-deazariboflavin in certain rare species that synthesize this compound (15, 16) . It has been proposed that the initial step in the DNA repair mechanism is a photoinduced single electron transfer (ET) from the FAD cofactor, which in the active enzyme is in its fully reduced form (12, 17, 18) , FADH Ϫ , to the DNA lesion. This mechanism is supported by a previous electron paramagnetic resonance (EPR) study in which a photoinduced spin-polarized radical pair (RP) signal assigned to the flavin-CPD dimer complex was observed (19) .
U
ltraviolet light (Յ300 nm) damages cellular DNA by formation of cyclobutane pyrimidine dimers (CPDs) and photoproducts from adjacent pyrimidine bases on the same DNA strand (1) . Such dimers may be restored to their monomeric form through the action of two photoactive (300ϽϽ500 nm) damage-specific DNA repair enzymes, named CPD photolyase (also called DNA photolyase) (2) (3) (4) (5) (6) and photolyase (7, 8) . Both enzymes are found in various organisms and exhibit a 20-30% amino acid sequence identity (3, 9, 10) . Two photoactive pigments are used in the DNA repair pathway. One is invariably a redox-active FAD (11, 12) , and the other so-called second chromophore, which acts as a light harvester, is a methenyltetrahydrofolate in most species (11, 13, 14) but 5-deazariboflavin in certain rare species that synthesize this compound (15, 16) . It has been proposed that the initial step in the DNA repair mechanism is a photoinduced single electron transfer (ET) from the FAD cofactor, which in the active enzyme is in its fully reduced form (12, 17, 18) , FADH Ϫ , to the DNA lesion. This mechanism is supported by a previous electron paramagnetic resonance (EPR) study in which a photoinduced spin-polarized radical pair (RP) signal assigned to the flavin-CPD dimer complex was observed (19) .
If the enzyme is found in an inactive state with FAD either semireduced as neutral radical, FADH ⅐ , or fully oxidized, FAD ox (20) , photolyases can undergo reversible ET reactions with the participation of amino acid residues to lower the redox state of the flavin cofactor to FADH Ϫ . This photoactivation process has recently attracted much experimental (20) (21) (22) (23) (24) (25) (26) and theoretical (27, 28) interest. In Escherichia coli CPD photolyase, cofactor photoactivation proceeds on a nanosecond time scale via a chain of tryptophan residues (W-382, -359, and -306) (29) . W-306 is believed to be the final electron donor that is rereduced on a millisecond time scale either by back ET from the flavin or by exogenous reductants (30) . In Anacystis nidulans CPD photolyase, however, a further ET step from a tyrosine to the tryptophanyl radical W-306 • (E. coli numbering) follows for Ϸ40% of W • within Ϸ50 s, whereas Ϸ60% of W • decay by charge recombination with the flavin within 1 ms (24, 25) . Although the chain of tryptophan residues responsible for photoactivation in E. coli CPD photolyase is highly conserved among different types of photolyases and also the photolyase-homologous cryptochromes (31), it is still unknown whether photoactivation in (6-4) photolyase proceeds along the same pathway.
In the present contribution, we report on the first continuouswave (cw) and time-resolved (tr) EPR studies of the laser-flashinduced photoactivation of Xenopus laevis photolyase with the FAD cofactor initially in the fully oxidized form, FAD ox . The results reveal remarkable differences with respect to photoactivation in CPD photolyase. The spectral (⌬gՅ10 Ϫ4 ) and temporal (Յ100 ns) resolutions of our tr-EPR experiment allow us to directly identify the redox partners of the RP state generated in the course of the light-initiated ET of FAD photoactivation.
Materials and Methods
Sample Preparation. X. laevis (6-4) photolyase was overproduced in E. coli, purified as described previously (12, 13) , and stored in liquid nitrogen. The concentration of the enzyme was determined on the basis of the FAD cofactor's absorbance at 450 nm ( 450 ϭ 1.12 ϫ 10
) (12) . For these experiments, typically 0.5 mM (6-4) photolyase in a buffer containing 0.3 M NaCl͞0.1 M Tris⅐HCl, pH 8.0͞50% (vol͞vol) glycerol was used. The redox state of the flavin cofactor was checked systematically by measuring the ground-state absorption spectrum from 300 to 800 nm by using a Shimadzu UV-1601PC spectrophotometer. For some experiments, either DTT as an exogenous reductant or potassium ferricyanide as an oxidant was added to the sample at the concentration indicated.
EPR Spectroscopy. cw-EPR experiments were performed by using a laboratory-built spectrometer consisting of an electromagnet, a Bruker (Rheinstetten, Germany) ER041 MR microwave bridge, in conjunction with a Bruker ER4118X-MD-5W1 dielectric resonator, which was immersed in a laboratory-built heliumgas flow cryostat. The temperature of the sample was controlled to Ϯ 1 K by a Lake Shore Cryotronics (Westerville, OH) 321 autotuning temperature controller. Magnetic-field modulated EPR signals were recorded by using a Stanford Research (Sunnyvale, CA) SR810 DSP lock-in amplifier. The microwave frequency was measured by an EIP (Milpitas, CA) 548 frequency counter and the magnetic field controlled by a Bruker ER035 MR NMR gaussmeter.
tr-EPR experiments were performed by using the same setup but without magnetic field modulation, rather in direct-detection mode, and hence the signals have a nonderivative line shape with A, enhanced absorptive and E, emissive spin polarization. For this purpose, the time-dependent EPR signal was processed in a fast low-noise preamplifier and recorded by using a Tektronix TDS-520A digitizing oscilloscope. A complete data set consists of a series of transient signals taken at equidistant magnetic field points covering the total spectral width. Transient spectra can be extracted from this data set at any fixed time after the laser pulse as slices parallel to the magnetic field axis.
Optical excitation of the sample was provided by a Nd:YAG (neodymium yttrium͞aluminum garnet) laser pumped dye laser from Thomson-CSF (Buyancourt Cedex, France) BMI AL.152C, with a wavelength of 440 nm (Coumarin-10), a pulse width of 6 ns, pulse energy 4 mJ, and a laser repetition rate of 1 Hz.
The samples were introduced into the resonator in suprasil quartz tubes (o.d. 2 mm, i.d. 1 mm) in an inert gas atmosphere in the dark. Such small-diameter sample tubes were necessary to avoid microwave absorption of the liquid solution protein samples.
Results and Discussion
Isolation and purification of (6-4) photolyase typically renders the FAD cofactor fully oxidized, which then exhibits characteristic optical absorption bands at 364 and 448 nm with the 448-nm peak having vibronic structure at 428 and 474 nm (ref. 13; see Fig. 1 ). No absorption is observed in the wavelength region 550 ϽϽ800 nm. Therefore, the presence of semireduced FAD (flavin semiquinones typically exhibit absorption bands at 585 and 625 nm; refs. 32, 33) before sample irradiation can be excluded. This finding is corroborated by EPR spectroscopy, where no signal of any paramagnetic species is detected under the same conditions (results not shown).
cw-EPR Spectroscopy. cw-EPR experiments have been performed on a liquid solution (6-4) photolyase sample where DTT has been added as an exogenous reductant to rereduce amino acid radicals, X •ϩ or XH
•ϩ that are generated by light-initiated ET according to the following scheme:
Indirect experimental evidence points to a triplet-initiated ET (23) . This depends on the local pH conditions and the pK a values of the respective cofactors. In CPD photolyase, it is known that the semiquinone form of FAD is present as the neutral flavin radical protonated at N5 (35) .
After several tens of laser flashes, a stable radical signal is detected (Fig. 2) . The spectral position at g ϭ 2.0034 Ϯ 0.0003, the peak-to-peak line width, and the characteristic line shape of the signal are very similar to the spectrum of the flavin cofactor in CPD photolyase (19, 23, 35, 36) . In Fig. 2 , the spectrum from Gindt et al. (23) is also displayed for comparison. Neutral (protonated at N5) flavin radicals can be distinguished from anionic (unprotonated at N5) flavin radicals by means of their characteristic EPR peak-to-peak line widths of Ϸ2.0 and Ϸ1.3 mT, respectively. This difference is because of the presence or absence of the large hyperfine contribution of the proton at N5 (35) . Therefore, the observed peak-to-peak line width of (2.0 Ϯ 0.1) mT in tr-EPR Spectroscopy. To study the short-lived RP states generated after pulsed laser excitation of (6-4) photolyase (see Eq. 1), tr-EPR experiments at high time resolution have been performed (see Fig. 3 ). Because observation of EPR in the time domain is concomitant with a decrease in detection sensitivity, transient signals need to be repeatedly accumulated to increase their signal-to-noise ratio. Therefore, to restore identical startup conditions after each laser pulse, potassium ferricyanide (2 mM) has been added as an exogenous oxidant to a DTT-free (6-4) photolyase sample. This procedure (23) has proven to reoxidize FADH • generated according to Eq. 1 after photoactivation and therefore to restore the original conditions (i.e., FAD ox and XH or X) required for repetitive signal accumulation. § The acquisition of the tr-EPR signal at a 1-Hz laser-pulse repetition rate required Ϸ30 h. No discernible cw-EPR signal was detected before sample illumination.
In the tr-EPR experiment, transient paramagnetic species are detected in their spin-polarized states (A, enhanced absorption or E, emission) shortly after the laser pulse. Typically, the tr-EPR spectrum of a triplet-initiated spin-correlated RP consists of an antiphase line pair for each of the two interacting paramagnetic species (37, 38) . These line pairs are symmetrically centered about the resonance field positions of the individual radicals (here FADH ). The separation of the lines is determined by the anisotropic dipolar and the isotropic exchange interaction between the RP partners. When all interaction anisotropies are completely averaged out, the corresponding EPR spectrum can be easily calculated if the isotropic g values, as well as the hyperfine patterns of the individual radicals and the exchange interaction between them, are known. This is the case, for example, in freely diffusing RPs in liquid solution or in RPs embedded in a protein matrix that undergoes rapid overall diffusive motion. In rigid systems with well-defined RP geometry, such as the photosynthetic reaction center, the calculation of the resulting asymmetric and broad EPR powder pattern is still feasible, provided that all interaction anisotropies and the relative orientations of their principal axes are known (39, 40) . The appearance of relatively narrow spectral features in the RP signal of Fig. 3 leads us to the conclusion that some motional dynamics are present in cofactor photoactivation of (6-4) photolyase. The slight but noticeable asymmetry of the spectral pattern, however, indicates that motional averaging is incomplete. This might be because of restricted overall and protein side chain motional dynamics of the 60-kDa enzyme in the viscous solvent. In principle, the simulation of such a system's spectrum is still feasible; however, knowledge of additional parameters such as the principal axes of molecular motion and motional correlation times is required. These are unknown at present; therefore, we refrain from the presentation of a highly ambiguous simulation and rather restrict ourselves to a qualitative analysis of the tr-EPR signal.
The RP tr-EPR spectrum recorded 1.4 s after the laser pulse is composed of broad spectral wings at 343.0 and 348.6 mT and a narrow E͞A-polarized signal. The broad features are centered at g ϭ 2.0034 Ϯ 0.0003, typical of a neutral flavin radical (35) , and hence are assigned to the flavin part of the RP (see Fig. 2 ). Its characteristic (derivative-like) line shape arises from extensive destructive averaging of the broad and overlapping absorptively and emissively polarized signal contributions within the line pair belonging to FADH • . Except for lifetime broadening of the spectrum, which is observed at early times after the laser pulse (tϽ100 ns), the shape of the tr-EPR spectrum does not significantly change for observation times Ն100 ns, also indicating that FAD •Ϫ is protonated within 100 ns of its formation. The narrow E͞A-polarized feature of the spectrum is centered at g ϭ 2.0048 Ϯ 0.0003. Such a high g value is characteristic for a neutral (deprotonated) tyrosyl radical, Y • , for which isotropic g values of 2.0045 Յ g iso Յ 2.0050 are expected (41) (42) (43) . A tryptophan radical, by comparison, would show resonances centered at g iso Ϸ2.0025 (43) . § EPR spectra identical to the one depicted in Fig. 3 have also been obtained from a (6 -4) photolyase sample without added exogenous oxidant (data not shown). However, the EPR signals could be observed only for a limited number of laser excitations and therefore resulted in a limited signal-to-noise ratio. Fig. 3 . tr-EPR signal generated by pulsed laser excitation (1-Hz repetition rate) of X. laevis (6 -4) photolyase in the presence of potassium ferricyanide (2 mM) as an exogenous oxidant. EPR data were recorded at T ϭ 278 K at 1.4 s after laser-flash excitation in the direct-detection mode [integrated EPR amplitudes (dots) with A , enhanced absorption and E, emission]. Instrument settings: 9.6980 GHz; microwave power, 2 mW; optical sample excitation same as in Fig. 2 . To obtain precise hyperfine line positions, the experimental spectrum was deconvoluted to a sum of 12 Gaussians (drawn lines). The arrows indicate the underlying hyperfine pattern of four nearly equivalent protons (for details, see text). Inset shows the corresponding light-initiated EPR signal observed in E. coli CPD photolyase (data taken from ref. 23 ).
Further evidence for a neutral tyrosyl radical being involved in (6-4) photolyase photoactivation is provided by the characteristic line shape of the central E͞A feature: even though the line width of a tyrosyl radical interacting with a second paramagnetic species could, in principle, appear narrower than that of an isolated one (because of the overlap of absorptively and emissively polarized spectral contributions at sufficiently weak spin-spin interaction), the line width of the E͞A feature in Fig. 3 is too small for a tryptophan radical. The latter typically exhibits a characteristic hyperfine splitting in the range of 0.8-2.8 mT arising from one of the two ␤ protons attached to the indole ring of W • (44) . Such a large splitting is not observed here but is present in the RP signal of E. coli CPD photolyase (see Fig. 3 Inset) (23) .
A repeating 0.45-mT hyperfine splitting pattern is observed in the narrow feature of the (6-4) photolyase EPR signal (marked with arrows in Fig. 3) , which points to a paramagnetic species with two or more magnetically equivalent nuclei. Again, this is consistent with a neutral tyrosine radical but not with a tryptophan radical, where the hyperfine lines of many inequivalent nuclei overlap to give an unresolved signal (with the one exception of the large ␤ proton coupling still resolved; see above). In tyrosyl neutral radicals, because of molecular symmetry, the protons H2 and H6 as well as H3 and H5 are pairwise magnetically equivalent. The two ␤ protons may also be equivalent by geometry or because of motional averaging, resulting in an EPR spectrum that exhibits a well-resolved hyperfine line pattern (42, 43) . We therefore conclude that the hyperfine splitting observed in Fig. 3 arises from the H3͞H5 protons and ␤ protons, for which almost identical isotropic hyperfine coupling constants of Ϫ0.57 and 0.5 mT, respectively, have been recently calculated with density functional theory (45) , resulting in the observed quintet-structured pattern for the absorptively and emissively polarized lines belonging to Y • .
To summarize, we have demonstrated that FAD cofactor photoactivation in (29) .
In contrast to the present results, only FAD reduction by tryptophans has been reported in other photolyases, with the exception of the A. nidulans CPD photolyase. In this enzyme, however, the photo-generated W • is only partially reduced by a tyrosine and on a much longer time scale (t 1/2 ϭ 50 s), whereas the majority of W • is rereduced by back-ET from the flavin (24). It is not clear to date whether this nonuniform behavior in A. nidulans CPD photolyase is caused by sample heterogeneity or results from competing reactions where the reduction of W • by Y is energetically slightly less favorable than the reverse of Eq. 1. Certainly, FAD cofactor photoactivation in photolyases is a versatile process that can use different amino acid residues as electron donors and͞or ET pathways to maintain the enzyme's biological activity. Developing a molecular understanding of the function of DNA repair enzymes is very important in itself but even more fundamental when considering the function of the recently discovered cryptochromes (46) , of which the photolyases are thought to be the evolutionary precursors (3, 5) .
Future studies will be focused on the identification of the redox-active tyrosine residue responsible for FAD photoactivation in (6-4) photolyase and its single-point mutants.
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